ABSTRACT: During the stagnation period of the Baltic Sea the mean weight-at-age of Baltic herring decreased by 50% (between 1977 and 1992). This has usually been attributed to a top-down process, i.e. to the simultaneous collapse of cod stocks and their predation. We present long-term data for 1980 to 1993 showing that bottom-up effects may also have played a role: along with the decline of salinity. the biomass proportion of zooplankton taxa preferred by herring (larger than 20 pg ind:' in wet welght) significantly declined. To support our hypothesis we present a study in which Baltic herring feeding and selective predation were investigated during 1985, a time of good growth and high weightat-age, and 1991, when herring growth and weight-at-age were poor. In this study, herring ston~achs and simultaneously taken plankton samples were analysed from trawl surveys conducted in the northern Baltic proper d'uring the peak of the herring feeding season in late summer. During both 1985 and 1991, herring selectively preyed on the larger zooplankton categones, especially neritic copepods. However, in 1991, a smaller proportion of the prey in herring stomachs consisted of neritic copepods, apparently because their share in plankton had decreased. Consequently, and despite an increase in total zooplankton biomass, the estimated carbon content of the food eaten by herring was lower, and the average stomach fullness index (on a scale of 0 to 5) decreased from 3.9 in 1985 to 1.9 in 1991. Also, the amount of mesenteric fat on herring stomachs declined from 4.2 to 3.2 (scale 0 to 5), indicating a longer-term failure in feeding success. We suggest that, in addition to possible top-down effects (a release of cod predation), bottom-up processes mediated via changes in mesozooplankton species composition have also influenced hernng growth and that both of these processes are affected by the same environmental factor-the Baltic salinity level.
INTRODUCTION
During the stagnation period of the Baltic Sea (1977 Sea ( to 1992 ) the growth of the Baltic herring Clupea harengus membras L. significantly declined (Anonymous 1994a). Weight-at-age of the Baltic herring was high at the beginning of the 1980s, but then decreased within a few years, by 30 to 50% for all age groups except the 'Correspondence address: Finnish lnstitute of Marine Research, PO Box 33, FIN-00931 Helsinki, Finland. E-mail: juha.flinkman@fimr.fi 0 and 1 groups (Anonymous 199413) . Their poor condition or starvation have become a considerable problem for fisheries and have also affected fisheries management in the Baltic. Due to underestimation of weightat-age, the International Council for the Exploration of the Seas (ICES) was off by as much as 30% in its 1989 catch forecasts (Anonymous 1994a) . Growth changes of this magnitude are not conunon for marine fish stocks in the temperate zone, although significant changes in Baltic herring weight-at-age have occurred prior to 1980 (e.g. Popiel 1951 , Strzyzewska & Popiel 1974 .
Inter-Research 1998
Resale of full article not permitted Potentially, either top-down or bottom-up effects, or both, could have caused the herring growth anomaly in the 1980s. Due to the lowering of the salinity and worsening of the oxygen conditions in early 1980s, cod recruitment decreased and the stock biomass declined within a few years (Bagge et al. 1994 , Sparholt 1994 . The collapse of Baltic cod populations has obviously removed a large portion of the predation pressure (Bagge et al. 1994 , Anonymous 1996 , which could lead to interspecific competition in herring. Also, cod predation is mainly directed towards small herring, which also affects herring weight-at-age (Sparholt & Jensen 1992) . It is therefore plausible to assume that top-down processes could have caused the herring growth anomaly (cf. Rudstam et al. 1994) . On the other hand, the role of bottom-up regulation in herring growth is not clear. Baltic herring is a selective planktivore, preferring large-sized zooplankton species such as nentic calanoid copepods and ovigerous temales ol copepods and cladocerans (Sandstrom 1980 , Flinkman et al. 1992 . If significant changes in the proportion of these species have taken place, feeding conditions of This paper consists of 2 parts. First, we briefly review data on environmental variables that may have influenced herring populations and growth during 1980 to 1993. We will show data suggesting that, in concert with the decline of salinity and herring weight-at-age, the proportion of large-sized zooplankton preferred by herring has also declined. Second, we present a study in which Baltic herring feeding and selective predation were investigated in detail during 1985, a time of good growth and high weight-at-age, and 1991, when herring growth and weight-at-age were poor. Based on these data, we will discuss the relative roles of bottomup and top-down processes affecting herring growth in the Baltic Sea. samples were analysed in the FIMR laboratory using standard techniques for Baltic mesozooplankton (Anonymous 1984) . Here we present salinity and zooplankton data ~ntegrated for the -0 to 70 m layer at all stations.
To examine changes in cod and herring stocks, we used data compiled by ICES (Anonymous 1997), the Finnish Game and Fisheries Research Institute (FGFRI) (Aro et al. 1992 ) and the Estonian Marine Institute (Raid & Lankov 1995) . The ICES single-species virtual population analysis (S-VPA) data describe development of cod and herring populations; the Finnish and Estonian monitoring data provide weight-at-age values for all herring age groups for the northern Baltic proper (subdivision 29) and the western Gulf of Finland (subdivision 32). For simplicity, here we present only the average weight-at-age for herring 1 to 7 yr old.
Herring selectivity study in 1985 and 1991. Study area and periods: The objective of the herring selectivity study was to find out which prey types herring select in the northern Baltic Sea and to check if any changes in herring stomach contents or selectivity took * = trawl stations = trawl sites
MATERIALS AND METHODS
Long-term data for 1980 to 1993. In order to detect long-term changes in hydrography and mesozooplankton communities in our study area, we studied Helsinki Commission monitoring data collected in July to September 1980 to 1993 by the Finnish Institute of Marine Research (FIMR) from 3 relevant stations in the northern Baltic proper and western Gulf of Finland (monitoring stations LL7, LL12 and LL17; Fig. 1 ). During the cruises salinity was measured using a conductivity/temperature/depth ( c T D ) -~~~~~ and zooplank- place from the mid-1980s to the early 1990s. The material examined, consisting of herring stomach samples and simultaneously taken plankton samples, was collected in 1985 and 1991 during FGFRI trawling surveys during the herring feeding period in AugustSeptember. In 1985, the samples were collected from 5 to 8 August, on 4 consecutive nights with 2 hauls taken on the first 2 nights (Stn 1) and a single haul during the 2 consecutive nights (Stn 2). In 1991, 6 hauls were taken from 9 to 14 August on 6 consecutive nights (Stns 3 and 4). The study area includes the northern part of the Baltic proper and western parts of the Gulf of Finland, in ICES sub-divisions 29 and 32 (Fig. 1) . Each station consisted of 2 or 4 trawl sites located 10 nautical miles apart. Plankton sampling: Plankton samples were taken using 2 different methods. In 1985 all plankton samples were taken with a 100 pm mesh size WP-2 net; 3 vertical hauls were taken before and 3 after each trawl haul, from ca 25 m, which is below the thermocline, to the surface. In 1991, both vertical and horizontal sampling were employed. Vertical sampling was performed as in 1985, and horizontal samples were taken by attaching 3 'nackthail-type plankton samplers (mesh 100 pm) taken from Gulf V larval fish samplers (Schnack 1974) to trawl head and footropes. Plankton densities in the samples were calculated by multiplying the area of the sampler opening by the length of the haul. In 1985, 30 vertical WP-2 hauls were taken, whereas in 1991, 6 vertical WP-2 and 18 horizontal nackthai-samples were taken.
Fish sampling: The fish were caught with a 500 ft (ca 152 m) pelagic Larsen research trawl. The trawl hauls were taken during the night, when fish could be found, by means of an echo sounder, just under the thermocline at depths between 10 and 30 m. The trawl was hauled for 1 h, after which 20 to 50 sample fish were chosen at random from the catch. Catch size varied between 60 and 1000 kg (average 130 kg). The sample fish were examined for length, weight and sex. Otoliths were preserved for age reading and stomachs preserved in 4 % buffered formaldehyde, all within 15 min of trawl recovery. A total of 170 fish were analysed in 1985 and 200 in 1991. The size range of the fish selected for stomach content analysis was 150 to 170 mm. This size distribution was dictated by the availability in both 1985 and 1991 of fish that were comparable with respect to 3 factors: length, catchdepth and sampling area. The age of the sample fish varied from 2 to 6 yr, which means that they mostly belonged to the spawning stock (Parmanne 1990) .
Plankton analyses: Zooplankton samples were analysed using standard techniques recommended for Baltic mesozooplankton (Anonymous 1984). Plankton was identified according to species; copepods were classified according to their developmental stage and sex (nauplii were excluded because a 100 pm mesh net does not sample them quantitatively); cladocerans were grouped to ovigerous and non-ovigerous. To ascertain the comparability of the 2 sampling methods used in 1991, the vertical and horizontal samples were compared with a Student's t-test. The test indicated no significant difference, so we assumed the sampling methods to be comparable. In examining the plankton samples and stomach contents, the plankton was categorised by their size according to Hernroth (1985) and FIMR (unpubl.) ( Table 1) . This categorisation includes, besides different species, also different sexes and developmental stages of plankters, as they differ considerably in size.
Analyses of herring stomachs and selectivity: Stomachs of 20 to 50 fishes from each trawl haul were used to estimate stomach fullness and mesenteric fat (both on a scale of 0 to 5) and to identify prey species. Plankton in herring stomachs was identified using 2 methods. If the contents were well preserved, they were emptied into a standard plankton counting chamber and identified with an inverted microscope. However, if the stomach contents were more digested, they were fixed onto a microscope slide with glycerol and identified with a compound microscope. A total of To describe selective feeding, we calculated chisquared based indices V= +(~'/n)'" and C = +(x?/n)"' (Pearre 1982) , using the average abundance percentages for each size category in stomachs and in respective plankton samples. These indices vary between 1 and -1, corresponding to absolute selection and rejection, respectively. Since the V-index was less sensitive to outliers in our data, we used it instead of the Cindex. Significance of selection indices was tested with Fisher's exact test, as recommended by Pearre (1982) .
To estimate the energetic value of the stomach conie~lis i r~ 1985 and 199i, we used the following method. Individual carbon contents of Baltic mesozooplankton categories have been analysed at the Finnish Institute of Marine Research using the high temperature com- (Table 2) , which are the most abundant copepod species in the study a.rea. To obtain an energy index for these size categories in herring stomachs, their carbon contents were multiplied with their average frequency in herring stomachs in 1985 and 1991, and then multiplied by the average stomach fullness estimates for these 2 years.
RESULTS

Long-term changes during 1980 to 1993
During the period 1980 to 1993, average salinity in the 0 to 70 m layer decreased from -7.5 to 6.3% ( Fig. 2A) . 2C) . Meanwhile, the average weight-at-age of herring declined by SO%, from 38 g in 1983 to 19 g in 1993 (Fig. 2D ). This decline in individual weight also contributed to a decline in herring population biomass during the respective years (continuous Line in Fig. 2C ). Tabie 3 snows correiations calculated between the mean values of salinity, zooplankton biomass, proportion of larger plankters 220 pm ind.-' (PLP), cod and herring numbers and biomass, and herring weight-atage (WAA) in 1980 to 1993. The correlation matrix shows that PLP, herring biomass, cod abundance and biomass and herring WAA all correlated positively with salinity, whereas the total zooplankton biom.ass showed a weaker negative correlation with salinity. Herring WAA also correlated positively with PLP, herring biomass and cod abundance and biomass. In contrast, herring abundance did not correlate with any of the variables considered.
Herring selective predation in 1985 and 1991
Plankton
In 1985 there were more larger mesozooplankton categories in the samples, compared to 1991 (Fig. 3A) . which agrees with the long-term data (cf. the continuous line in Fig. 2B ). The significance of the difference was verified by dividing the plankton data into 2 parts, small categories (c20 pg ind.-') and larger cate-40 and 40 to 60 pg lnd:'), the relative proportion of all gories (220 pg ind.-l); according to the non-parametric Wilcoxon test of medians, the decline was significant for the larger categories (p = 0.02). Fig. 3B shows the data grouped into 4 size categories. The increase of the smallest size group (<20 pg ind:') was mainly caused by an increase in the proportion of Bosmina longispina maritima. In the 2 larger size groups (20 to showed an increase in all size groups (Fig. 4) , again showed no marked change. Yet, the overall decrease consistently with the long-term data (cf. the vertical in the relative proportion of larger sized individuals bars in Fig. 2B ). Table 3 Long-term data for the western Gulf of Finland and northern Baltic proper in 1980-1993. Linear Pearson correlation coefficients (r, multiplied by 100) between the average salinity, total mesozooplankton biomass in the -0 to 70 m layer, proportion of large plankters 220 pg ind:' in wet weight (PLP), herring abundance and biomass, cod abundance and biomass, and herring weight-at-age (WAA). Time series correspond to lines in Fig. 2 , denoting average values for each time series (for zooplankton total biomass in Fig. 2B : vertical bars). N = 13. Significance: 'p < 0.05; "p < 0.01; "'p < 0. 
Stomach contents
The most abundant food items in herring stomachs were Temora longicornis adults, Eurytemora affinis females and, in 1985, Acartia bifilosa females. In 1991, T. longicornis copepodids and Bosmina longispina maritima were also relatively abundant (Fig. 3C) . Nevertheless, the stomach contents showed the same trend as plankton composition: in 1985 the herring fed relatively more on larger plankters, whereas In 1991 the smaller categories were eaten to a greater extent (Fig. 3D) . This difference was significant for the smallest categories (wet weight <20 p g ind:') (Wilcoxon test of medians for hypothesis 1991 > 1985, p = 0.038).
Herring selective predation was measured using the V-index (Pearre 1982) . There was a clear tendency towards a negative selection of smaller categories and a positive selection of larger ones (Fig. 3E) . Especially the females of Temora longicornis, Eurytemora affinis and Pseudocalanus elongatus were selected as food. We then combined the data into 4 size classes (Fig. 3F ) and calculated the sum of V-indices for these size classes. Negative selection in the smallest size class (<20 pg ind:') and positive selection in the third size mesozooplankton sue group (ug ind.") Energetic value of stomach contents Differences in stomach contents in 1985 and 1991 were not restricted to species composition of the food. The average stomach fullness estimates were 3.9 and 1.9 for 1985 and 1991, respectively (Fig. 5A) , despite the higher zooplankton biomass in 1991 (cf. Fig. 4) . Also, the average amount of mesenteric fat on hernng stomachs declined from 4.2 to 3.2 (Fig. 5B ). This mesozooplanklon size category decline was very significant for both variables (Student's t-test, p < 0.001 in both cases).
To estimate the energy contents of the food ingested we needed to take into account both the energetic value of the individual prey items and the stomach fullness. Fig. G shows the indices obtained by multiplying the average proportions of Acartia bifilosa, Eurytemora affinis and Temora longicornis in herring stomachs in 1985 and 1991 by their individual carbon contents (from Table 2 ) and then by the stomach fullness estimates from the respective years (3.9 in 1985 and 1.9 in 1991). The herring stomachs contained more carbon in the larger mesozooplankton categories (220 pg 
DISCUSSION
Our results showed that (1) Baltic herring prey selectively on larger zooplankton taxa; no change in this pattern took place during the period studied; (2) the availability of prey types larger than 20 1-19 ind.-' declined during the stagnation period of the Baltic; (3) the composition of herring stomachs reflected the availability of preferred food items; and consequently (4) the stomach fullness and the energy content of stomachs declined. This suggests that the hernng growth anomaly was at least partly caused by a bottom-up process. Below we will consider the mechanisms by which bottom-up and top-down processes may have influenced herring WAA during the study perlod.
Baltic hydrography, plankton and herring nutrition Fluctuations in salinity are typical for the Baltic Sea. These fluctuations are caused by interactions between continuous excessive freshwater runoff from the Baltic drainage basin and time-limited, irregular saline water intrusions from the North Sea. During the period 1980 to 1993 the salinity in the Baltic decreased due to the absence of saltwater intrusions from the North Sea (Matthaus & Franck 1992 , Anonymous 1996 and due to an exceptionally rainy period from 1981 to 1990 Fig 6. Clupea harengus rnernbras. Selectivity study. Energy (Bergstrom & Carlsson 1994 Viitasalo et al. 1995 , Anonymous 1996 . On the other hand, stratification patterns, also coupled with hydrographical processes, are known to influence the structure of planktonic communities (Richardson 1985 , Kiarboe & Johansen 1986 , Kiarboe 1993 . For example on the SW coast of Finland, warm, low saline and stable hydrographical conditions induce a rapid increase in cladoceran populations, whereas mixed and more saline conditions favour neritic calanoid copepods (Viitasalo et al. 1995) ; in the Skagerrak the mixed regions have also been shown to support a copepod-dominated grazing chain, whereas the stratified areas are dominated by the organisms of the microbial loop (Kiarboe et al. 1990 ).
Changes in salinity and stratification thus have both direct and indirect effects on pelagic organisms and communities. In the northern Baltic Sea it seems that the changes that took place in the 1980s disfavoured zooplankton groups valuable for the Baltic herring. According to planktivorous fish foraging models, herring should select larger plankters (Lazarro 1987) . which was, with minor exceptions, also confirmed by the present study. A comparison of herring selectivity between 1985 and 1991 revealed no significant differences in this pattern, which suggests that herring are not able to fully compensate for the decrease in preferred prey. Therefore, as the proportion of suitably sized food decreased, the herring were compelled to forage on small-sized, low-energy food, which was also reflected in their stomach fullness.
There were no reported changes in herring maturityat-age (Anonymous 1994a) or spawning time (Parmanne et al. 1994) in the northern Baltic Sea during our study period. Therefore we believe that the differences in stomach contents between 1985 and 1991 indicate a general trend in herring feeding ecology.
Research by Lumberg & Ojaveer (1991) also showed this same phenomenon for the same period and the same study area, i.e. a decrease in neritic plankters, such as Pseudocalanus elongatus. Temora longicornis and Centropages hamatus, as well as a decrease in herring WAA. The observed decline in the amount of mesenteric fat also supports the hypothesis of declined energy gain in herring. Mesenteric fat is labile, unlike muscle fat, and is used to build up gonads before spawning (Ojaveer et al. 1981 , Rajasilta 1992 . Hence, we assume that the amount of mesenteric fat reflects the herring feeding success.
Top-down or bottom-up control of herring growth?
Decrease in salinity and stagnation of the deep water have affected the reproduction of cod, the most important predator of Baltic herring. Cod eggs require 11% salinity and an oxygen content > 2 m1 1-' to survive and hatch , Wieland et al. 1994 . Mainly due to the absence of oxygen-carrying saltwater intrusions between 1977 and 1992, cod recruitment decreased sharply in 1980, and the spawning stock biomass started to decline from 1983 onwards (Bagge et al. 1994 , Sparholt 1994 ; for other contributing factors, see MacKenzie et al. 1996) . With the decimation of the cod stock the amount of herring eaten also decreased by half from 1985 to 1991 (Anonymous 1997) . There is no evidence that this predation was replaced by other predators. The impact of salmon and sea trout predation on herring stocks is insignificant (Anonymous 1997); marine mammal populations remained at very low levels (Thiirow 1997 ) and the abundance of seagull species (Larus spp.) that prey on herring decreased during the study period (Hario 1990) . Seen in this light, the population increase of herring in the late 1.980s seems like the result of a clear-cut top-down regulation process, as suggested by Rudstam et al. (1994) .
In contrast, it is less obvious that the decline in herring WAA was caused by a top-down process. If we conclude that the decline in herring growth was caused by increased density, we must assume that the herring population increased to a degree to which there was intraspecific competition that reduced food ingestion per individual. This also implies that herring populations are able to control zooplankton biomass. However, although ca 70 % of the annual zooplankton production is estimated to be consumed by herring in the northern Baltic (Hansson et al. 1990 , Rudstam et al. 1992 , Arrhenius 1995 , there is no evidence that Baltic zooplankton biomass are affected by interannual variations in herring stocks (Rudstam et al. 1994 ). This apparent discrepancy can be explained by our findings, which suggest that herring feeding is not Limited by the total amount of zooplankton, but by the availability of suitably sized plankters. This would essentially imply a bottom-up process, since the structure of the zooplankton community seems to be largely regulated by the environment, i.e. changes in the hydrography and stratification of the Baltic Sea. An analogous situation has been observed in the frontal regions of the North Sea, where physically mlxed areas are characterised by a food web dominated by copepods and support high growth of planktivorous flsh larvae, whereas the stratified regions are characterised by organisms of the microbial loop and support low growth of fish larvae (Munk 1993 , Munk et al. 1995 , St. John & Lund 1996 .
According to our analysis, herring WAA was negatively correlated with salinity and positively correlated with the proportion of large plankters, herring biomass and with cod abundance and biomass. Of these variables, salinity itself cannot be the proximate factor, because there is no physiological mechanism linking small changes in salinity with fish growth. The connection with cod variables also seems incidental because there was no link between herring and cod numbers; if herring WAA was controlled by a top-down process, one would expect herring numbers to reflect this. It is also notable that herring WAA had already started to decline several years before the herring population showed an increase (cf. Fig. 2c ). This leaves us with the correlation between herring WAA and the proportion of large plankters as being the most plausible one. Of course, we recognise that correlations between time series do not prove a causal relationship and that we do not have herring stomach content data for more than 2 yr. We however note that, in the 2 independent studies (the selection study and the long-term investigation), the trends observed in plankton composition, herring WAA, stomach fullness and amount of mesenteric fat very consistently point the same direction: declined food availability for herring. We therefore suggest that bottom-up regulation, mediated through changes in zooplankton community, is an explanation for the observed decline in herring growth which is at least as credible as top-down control.
On the other hand, there are certain complications in the matter. As Baltic herring grows, it begins to feed on larger organisms, such as mysids and amphipods (Aneer 1980 , Flinkman et al. 1991 . Arrhenius & Hansson (1993) have proposed that a mixed diet is essential for maintaining a good WAA in older herring and that a decline of mysids (mainly Mysis mixta and M. relicta) in herring diet could also explain the growth anomaly. Unfortunately there is no information about changes in mysid populations during the Baltic stagnation period. Also, little is known about their food preferences, and it is therefore difficult to estimate how the changes in zooplankton communities have affected the feedlng and reproduction of mysids in the Baltic Sea.
Conclusions
We suggest that the 1980s herring growth anomaly was caused by 2 processes. A changed mesozooplankton species composition caused bottom-up restrictive effects due to a worsening of herring feeding conditions. The collapse of cod stocks also led to a situation where herring experienced intraspecific competition resulting in adverse effects on growth. In addition, interspecific competition with sprat and mysids, and changes in mysid populations, may also be involved. To solve the question of which process is dominant, it is first necessary to determine how the changes in plankton and herring numbers influenced the intake of food for an individual herring. This could be done by combining population dynamical analyses with experimental studies in which behavioural factors, such as foraging success on Mferent prey types and the intraspecific competition w i t h a herring school, are considered. It is also notable that both top-down and bottom-up processes are influenced by the same factor, Baltic salinity, and that they both work towards decreased herring growth and condition. Baltic salinity is controlled by inflows of saline water from the North Sea and by variations in freshwater runoff (Astok et al. 1990 ). These factors, in turn, are both regulated by climatic patterns, such as air pressure gradients over the north Atlantic and the North Sea (Matthaus & Schinke 1994) and precipitation over the Baltic drainage area (e.g. Viitasalo et al. 1995 
